ABSTRACT In this paper, we consider an outdoor visible light communications relaying system in which the relay node needs to transmit both its own information and the information from a source node simultaneously. A superimposed relaying (SR) strategy and the corresponding constellation design are presented. We derive the closed-form dominant term of average bit error rate (BER) for the system, and obtain an optimal power allocation to minimize the average BER. Simulation results demonstrate that SR can improve the error performance of the system significantly.
I. INTRODUCTION
Visible light communication (VLC), is a complementary technology to alleviate shortage of wireless spectrum resources, and is widely used for the scenarios in demand of high speed, low cost and easy installation [1] , [2] . Intensity modulation and direct detection (IM/DD), carrying information on the intensity of the optical power, is commonly utilized in VLC, which leads to non-negativity of channel coefficients and transmitting signals [3] - [5] .
Different from the broadcast nature of RF communications, optical link has high directionality [6] . For example, it is impossible to communicate directly through the obstacle such as mountains, buildings and clouds. In an outdoor scenario, although misalignment fading has less effect on outdoor visible light communication (OVLC) due to the large angle of emergence of LED, atmospheric channel fading is a crucial factor that degrades performance severely [7] . The channel of outdoor optical communications can be modeled by log-normal distribution [8] , [9] .
As an effective method to bypass the obstacle and mitigate fading, relaying technique has attracted significant attention recently. With the extensive investigation of cooperative relaying systems, there are several cooperative protocols which have been researched. Decode-and-forward (DF) and amplify-forward (AF) are two common protocols.
In DF protocol, the optical signal received at the relay node is demodulated after direct detection, then modulated and transmitted to the next node. If the signal is correctly demodulated, the received noise can be eliminated in DF protocol [10] , [11] . In AF protocol, a relay node amplifies both the information signal and the received noise, then retransmits them to the next node [12] , [13] . AF protocol in optical communication can be implemented in an all-optical system without optical-electrical (OE) and electrical-to-optical (EO) convertors, which breaks the limit of low-speed electronics and electro-optics [14] , [15] . In addition, adaptive detect-andforward (DetF) or adaptive DF is proposed in [16] , where the relay node forwards information only if the information received is correct or the signal-to-noise ratio (SNR) is large enough. These relaying methods can be used in different cooperative scenarios [17] - [19] . However, However, in all the above protocols, the relay nodes only play a sole role which is to forward the decoded or amplified signal from the source to the next node.
In an OVLC cooperative system, some relay nodes have their own information to be sent when they forward the sources' information. For example, there are two cars and traffic light in a simple system for internet of vehicles as shown in Fig. 1 . Traffic light broadcasts the information such as guidance, position and warning. The back car cannot receive the information directly from traffic light owning to the block from the front car, then the front car relays the information and transmits its own information about speed, direction and braking with tail lights simultaneously.
In this paper, we focus on an OVLC relaying strategy in which the relay node not only forwards information from the source but also transmits its own information simultaneously. In radio frequency wireless communication, a Fuseand-Forward protocol has been proposed in [20] for a relay node to send its own data, but the method cannot be applied to OVLC due to the non-negativity of optical signal. To control the inference between the information of the source and the relay, multiple access technique, such as frequency division multiple access (FDMA) and time division multiple access (TDMA), may be an option [21] - [23] . On the other hand, non-orthogonal multiple access (NOMA) that superposes the signals in the power domain and demodulates with successive interference cancelation (SIC) is a promising technique in VLC [24] . However, the method needs a large power gap between signals to distinguish. Even worse, SIC may lead to error propagation, which degrades system performance severely.
To transmit information efficiently and eliminate the interference effectively, the superimposed relaying strategy is proposed. The strategy adds two signals with proper powers and gets a superimposed constellation in which each point has useful information without interference. We will derive the dominant term of average bit error rate (BER) for the system with maximum likelihood (ML) detection. Furthermore, within the optical power constraint, an optimal power allocation for the source node and the relay node is obtained to minimize the average BER.
II. SYSTEM DESCRIPTION AND SIGNAL MODEL
We consider a typical OVLC relaying communication system with three nodes as shown in Fig. 1 . The transmission process consists of two phases. The first phase is that a source node (S) communicates with a relay node (R), and then the signal received at R is
where h 1 is the channel gain of link S-R, x 1 is the transmitting unipolar symbol with power g 1 , and n 1 is an additive white Guassian noise with zero mean and variance σ 2 1 . We assume that R gets the decoded symbolx 1 from the received signal y 1 .
In the second phase, R needs to forwardx 1 with power g 2 and its own symbol x 2 with power g 3 to D. One effective method to solve this problem is the orthogonal multiple access, such as TDMA, where g 2x1 and g 3 x 2 are transmitted in two sequential time slots to ensure the orthogonality, as shown in Fig. 2 . Here, we present another method named superimposed relaying (SR) to handle this problem. In the proposed theme, R adds g 2x1 to g 3 x 2 and transmits the summation, as shown in Fig.2 . We assume that both x 1 and x 2 are on-off keying (OOK) symbols chosen randomly, equally likely from 0 and 1. Thus, the superimposed constellation x = g 2x1 + g 3 x 2 , g 3 = g 2 , consists of four points 0, g 2 , g 3 , and g 2 + g 3 . The relationship between x and x 1 , x 2 is shown in Table 1 . It can be observed that, to achieve the same spectral efficiency as SR, the modulation type of R for TDMA in the second phase should be four-level pulse amplitude modulation (4-PAM).
The signal received at D is given by
where h 2 is the channel gain of link R-D, n 2 is an additive white Gaussian noise with zero mean and variance σ 2 2 . In this paper, the channel coefficients h 1 and h 2 obey lognormal distribution, i.e., h i = e z i , where z i ∼ N (µ i , σ hi ), i = 1, 2. We assume that h 1 and h 2 are independently identically distributed,
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In a typical outdoor environment, the atmospheric channel is slow fading with a time scale about 10 −3 s to 10 −2 s, so the channel gain can be seen as a constant during a few symbols [25] . With the help of training symbols and feedback, the channel state information (CSI) can be available at both transmitters and receivers [26] . With the CSI, the ML detection rule of x 1 at the node R is given byx
and at the receiver of the node D, the ML detection of x is given byx = arg min
We decode the signalsx and getx 1 and x 2 with the decoding algorithms as follows
In VLC systems, average optical power is a figure of merit to measure power performance, which is important to meet skin-and eye-safety limitations. It is defined as
, where E[·] denotes the expected value of the expression in brackets. We assume that bits ''1'' and ''0'' are equiprobable in the transmitting symbols. Then the average optical power is P ao =
It is assumed the noise n 1 in R and the noise n 2 in D have the same variance σ 2 1 = σ 2 2 = σ 2 . Let P ao = 1, then the signal noise ratio (SNR) is defined as ρ = 1 σ 2 .
III. ERROR PERFORMANCE ANALYSIS AND OPTIMAL POWER ALLOCATION FOR SUPERIMPOSED RELAYING
In this section, we will derive the dominant term of BER for SR. With the optical power constraint, we will give an optimal power allocation to minimize the average BER.
Here, we use the average BER P e to measure the system performance as follows
where P x 2 is the BER of x 2 in the link of R-D, P x 1 is the BER of x 1 in the link of S-R-D defined as
where
is the BER of x 1 in the link S-R, and Px 1 is the BER ofx 1 in the link R-D. Substituting (8) into (7), we can get
As P e is too complex to analyze its performance conveniently, thus, we will attain its dominant term in Lemma 1 whose proof is postponed in Appendix-A. 
Lemma 1:
In high SNR regime, the average BER is dominated bȳ
i.e. lim ρ→∞ (P e − P e )/P e = 0.
Then we aim to improve error performance by optimizing the power allocation with optical power constraint. AsP e mainly is affected by the Euclidean distances in the Q-functions, the optimization problem can be presented as Problem 1: Find g 1 , g 2 and g 3 such that the minimum Euclidean distance inP e is maximized for a given average optical power constraint, i.e., The superimposed constellation for two power strategies above is the same as {
. Furthermore, the average BER for both strategies is the same as
IV. NUMERICAL RESULTS
In this section, we carry computer simulations to verify the signal design and compare the average BER of SR with that of TDMA and NOMA. We assume µ h = −σ 2 h to make the mean of the log-normal distribution channel gain be 1.
Firstly we examine the accuracy of the derived dominant term of average BER. We can compute the dominant term based on (10) and obtain the actual BER by Monte Carlo simulations. Three power allocations g 1 : g 2 : g 3 = 1 : 4 : 5, g 1 : g 2 : g 3 = 2 : 2 : 1 and g 1 : g 2 : g 3 = 3 : 4 : 3 in log-normal channel with σ h = 0.1 are simulated in Fig. 3 . The power allocation g 1 : g 2 : g 3 = 2 : 2 : 1 is simulated in log-normal channel with σ h = 0.1, 0.2, 0.3 in Fig. 4 . The curves of actual simulation and the derived dominant terms in two figures coincide in the high SNR regions, which means the obtained dominant term is close to the actual BER.
The average BERs in fixed power allocation and optimal power allocation are simulated in Fig. 5 . The power allocation is g 1 : g 2 : g 3 = 2 : 2 : 1 in the scheme of fixed power allocation, while the scheme of optimal power allocation utilizes strategies in (12) . Both two schemes are simulated in log-normal channel with σ h = 0.1, 0.2, 0.3. It can be seen that the optimal power allocation can improve the system performance significantly.
Next, the BERs of x 1 and x 2 are compared with power allocation strategies I and II. It can be seen from Fig. 6 that two strategies achieve the same average BER. Furthermore, the BER curves of x 1 and x 2 almost coincide with power allocation strategy I, but the two curves with power strategy II have a large gap. This is because the BER of x 1 is affected by two links S-R and R-D, while that of x 2 is only affected by one link R-D. Meanwhile, more power is allocated tox 1 in I. The results demonstrate that with the same average BER, the two strategies can provide a flexible priority allocation for two signals.
Finally, we compare the average BER performance of SR, TDMA and NOMA under the same transmission rate and the same optical power. For SC, the power allocation of signal obeys the rule of (12b). For TDMA, g 1 :g 2 :g 3 =2:1:1. For NOMA with SIC, g 1 :g 2 :g 3 =13:3:10, as SIC has the best performance with the power ratio of two signals equal to 0.3 in [24] . The results are shown in Fig. 7 . At the average BER level of 10 −7 , SR has about 7 dB gain over NOMA, and 5 dB gain over TDMA, which illustrates that SR significantly outperforms TDMA and NOMA.
V. CONCLUSION
In this paper, a relaying system for OVLC has been investigated in which the relay node needs to transmit both its own information and the information from a source node simultaneously. We presented a superimposed relaying strategy and the corresponding constellation. With the optical power constraint, we developed an optimal power allocation to minimize the average BER. In the future, we will focus on the signal design of higher order modulation and higher rates for the relaying system.
APPENDIX

A. PROOF OF LEMMA 1
At first, we take the case of g 2 > g 3 into consideration.
The BER of symbol x 1 in the link of S-R with maximum likelihood (ML) detection can be obtained as
FIGURE 8. The error decision interval ofx 1 = 0.
In the link of R-D, the error probability ofx 1 transmitting ''0'' but being decoded as ''1'' in error consists of two cases. The first one is the received symbol 0 in the region 1 in Fig. 8 , the other one is the received symbol h 2 g 3 in the region 2 in Fig. 8 . Thus we have
For the error probability ofx 1 transmitting ''1'' but being decoded as ''0'' in error, we have Px 1 (0|1) = Px 1 (1|0) due to the symmetry of the constellation. Therefore the BER of x 1 in the link of R-D is
In high SNR regimes, based on L' Hospital rule, we can get the limit as lim
= 0, and we arrive at
where lim In the link of R-D, the error probability ofx 2 transmitting ''0'' but being decoded as ''1'' in error consists of two cases. The first one is the received symbol 0 in the region 3 in Fig. 9 , the other one is the received symbol h 2 g 2 in the region 4 in Fig. 9 . Thus we get
For the error probability of x 2 transmitting ''1'' but being decoded as ''0'' in error, we get P x 2 (0|1) = P x 2 (1|0) due to the symmetry of the constellation. Therefore the BER of x 2 is
Based on L' Hospital rule, we can obtain
Therefore, in high SNR regimes we can denote (17) as
where lim
Substituting (16) and (18) into (9), we can get P e =P e + whereP
and satisfies lim ρ→∞ /P e = 0.
With the same method, for the case of g 2 < g 3 , we can get
To sum up, for (19) and (20), the average BER can be denoted bȳ
The proof of Lemma 1 is completed.
B. PROOF OF LEMMA 2
Substituting (12a) and (12b) into (11), we can get
In the following, we will prove that this is indeed the maximum value by contradiction. Suppose that there exists a power allocation strategy g 1 g 2 , and g 3 satisfying 
This contradicts with the average optical power constraint 1 2 (g 1 + g 2 + g 3 ) = 1. Therefore, the solutions (12a) and (12b) are the optimal solutions to (11) .
The proof of Lemma 2 is completed.
